Introduction
The use of a cyclotron and its associated particle detectors to separate and count the 14 c atoms in a natural carbon sample was recently 1) proposed by Muller . Within one year, we had measured the age (or the 14 c concentration) of an unknown saniple and compared our answer with the age obtained using standard beta-decay counting techniques 2 ).
For this measurement, it was possible to count 14 c atoms at a level of less than 1 part in 10 12 of the original carbon sample, or below the level at which 14 c appears in the atmosphere. In this paper,
we describe the methods used to obtain that age. A range separation been reported on the detection of 36 c1.
Recent work has also
Samples to be analyzed were introduced 1n the form of co 2 gas in to the ion source and their constituent atoms ionized, extracted, and accelerated as beam. The cyclotron was tuned to accelerate mass-14, -2-and the 14 c atoms were detected by charged particle counters placed 1n
an external beam line.
The attractiveness of this technique lies in its sensitivity!).
Under conditions similar to the acceleration of 14 For the silicon crystal there was evidence that the straggling was due to channeling; for the gold foils it was due to non-uniformities in the thickness of the foil. The requirements for the experiment 'were finally met by using xenon gas as the absorbing material, with thin platinum/gold foils forming the window between the gas and the cyclotron vacuum (see figure 1) . The xenon chamber was 9.7 em long, and pressures between 0.2 and 0.5 atm were sufficient to stop nitrogen ions in the range of 40-60 MeV. The xenon pressure was adjusted remotely by operating solenoid valves connected to a xenon gas bottle and a vacuum pump. Each solenoid valve was in series with a needle valve to regulate flow.
Care was taken 1n the design of the gas cell to assure that all materials exposed to the nitrogen beam were of sufficiently high atomic number Z that the Coulomb barrier would inhibit the nuclear reactions range 500-50,000 min ; measurements were repeated after each flux adjustment to preserve the normalization. The results, covering a range of nearly 10 9 , are shown in fig. 3 . These measurements were not corrected for the time variation in the ion source output, which is typically less than a factor of two in the half hour required to measure this curve. These measurements fall gradually at first due to losses from multiple Coulomb scattering in the absorber. At the endpoint of the nitrogen range, the curve falls steeply with a shape dependent on the straggling of nitrogen ions.
The transmission losses due to multiple scattering were calculated from the rrns scattering angle for the absorber as given by eq. (2) of. ref.
13. The range-energy relations of Northcliffe and Schilling 14 )
were used to scale the straggling with xenon gas pressure. To obtain the observed nitrogen range, we found it necessary to multiply the ... Using this model, a similar curve (see fig. 3 ) was calculated for 14 c. Because of multiple scattering, the efficiency of the particular absorberdetector combination used here appears to be about 10%. is limited by the carbon generated in nitrogen-induced reactions, most likely on impurities in the gas cell materials. We measured the reaction rate by increasing the nitrogen current; with the present nitrogen current and gas cell such reaction products form less than 1% of the carbon events from a modern sample.
3. It is likely that this background will be eliminated by using an external ton source where ·the source environment can be rigidly controlled.
Gas manifold
The design and installation of such a source is in progress. Until it is installed, the precision of our 14 c experiments is limited by this background subtraction. For measurements we have made with 10 Be an·d 36 c1 no similar background exists.
The gas manifold was constructed both to switch rapidly among at least three samples and to regulate the gas pressure for the ion source. Internal volumes were kept small to reduce the amount of possibly precious sample gas filling the manifold lines, and to reduce the switching times. Dead spaces not swept clean by the gas flow were deliberately avoided. A schematic of the manifold is shown Although the brief switching vacuum did affect the ion source pressure, a thermocouple gauge at the manifold output indicated that the gas pressure stabilized in a few seconds to within 3% of its original value. 18) Beam from the ion source depends crucially on pressure and this beam was stable only to within 10%. Some of this switching effect was removed by monitoring the nitrogen current.
The present efficiency for 14 c detection is about 10-5 . About a factor of 10 is lost in multiple scattering from the absorber and I in the beam transport from the cyclotron exit to the detector. Rebuilding the absorber-detector system with improved geometry can substantially ' reduce this loss. During data collection the ion source gas feed 14 was run deliberately high to suppress C from the cyclotron interior.
An external ion source could be operated more efficiently.
Normalization and data collection
In spite of the ability to switch gas samples rapidly, comparison of the 14 c courit rate with different samples was complicated by changes 1n the cyclotron beam current. These changes are due mainly to fluctuations in the source output with time, and some additional interruptions result from sparks and discharges around the cyclotron dee. To improve -12-
14
The errors plotted for each C Figure 7 shows the same measurements, now displayed as the ratio of 14 c count rate to integrated nitrogen current. Most of the time variation is gone. To extract an age, these measurements were fit to a single third order polynomial with an overall factor for the unknown and known count rates relative to the background. This model assumes that the background is always a constant fraction of the real 14 c count rate, and that the time variation in fig. 7 is due entirely to changes in the ratio of carbon events to nitrogen integrated current.
I
The ratio of unknown to known count rates after background subtraction is 0.51 + 0.05. The error was estimated by varying the fitting parameters until the chi square of the fit had increased by 1. Using a radiocarbon halflife of 5570 yr, the age of the unknown is calculated to be 5900 = 800 yr, with the error dominated by the statistical uncertainty in the background subtraction. The age measured by beta-decay counting was 5080 = 60 yr (ref. 19) , differing from our value by about one standard deviation.
In each small group of measurements on one sample, there is no
systemat1c ev1at1on o t e 1rst po1nt 1n t e 1rect1on o t e count rate for the previous sample. This is consistent with a clearing time constant in the gas manifold of less than 0.5 minutes. Contamination from 14 c that remains in the gas handling system for a much longer 14 time becomes part of the C background from the cyclotron and is removed by subtraction.
•• -13-
Conclusions
We have shown that one can use a cyclotron to detect and count 14 c atoms ~n a natural carbon sample. The major source of background Cross-sectional v1ew of xenon gas cell and detector telescope. 
